Abstract The higher order crack-tip fields for anti-plane crack oblique to the interface between functionally graded piezoelectric materials (FGPMs) and homogeneous piezoelectric materials(HPMs) are presented. The crack is oriented in arbitrary direction. The crack surfaces are assumed to be electrically impermeable. The material properties of FGPMs are assumed to be linear functions with their gradient direction perpendicular to the interface. By using the eigen-expansion method, the high order crack tip stress and electric displacement fields are obtained. The analytic expressions of the stress intensity factors and the electric displacement intensity factors are derived.
Introduction
To improve the reliability of the modern structures, the concept of FGPMs has recently been extended into the PMs with the aid of the development in modern material processing technology. Due to their brittleness, the abundant literatures have now contributed to the fracture mechanics of FGPMs. Recently, some researchers start to investigate cracks arbitrarily oriented with respect to the interface of FGPMs. Hus and Chue [1, 2] studied mode III arbitrarily oriented crack in an FGPM strip bonded to a functionally graded piezoelectric half plane and a homogeneous piezoelectric half plane. Chue and Yeh [3] considered the arbitrarily oriented crack problem of two bonded FGM strips. Yeh and Chue [4] investigated the anti-plane crack problem of a FGPM cracked strip bonded to an FGPM cracked half-plane. All of the above mentioned works are solved the singular part of crack tip fields by Fourier transforms and singular integral equations. The high order crack tip fields for arbitrarily oriented crack oblique to the interface of piezoelectric materials has not been studied. The higher order mechanical and electric fields and explicit expressions of intensity factors will be presented. Fig. 1 shows the configuration of FGPMs bonded to HPMs with an arbitrarily oriented crack. Regions I, II and III are defined as materials 1, 2 and 3, respectively. Consider an impermeable crack of length 2L oblique to the interface subjected to anti-plane shear loads and the in-plane electric displacements. The poling directions of piezoelectric materials are orientated along z -axis. The material properties of the FGPM are assumed in the following linear functions as (2) (1) (1 ),
Basic equations
where (1) 44 c is the shear modulus, (1) 15 e is the piezoelectric coefficient,
ε is the dielectric parameter of the HPM.
The governing equations can be written as
where 
The higher order crack-tip field
The displacement component and the electric potential can be expanded as follows
where, ( ) − ,…, we obtained the system of ordinary differential equations
The crack surface boundary conditions can be stated as
0, 0, 0, 0
Solving the system of ordinary differential equations, we can obtain the results 
The mechanical and electric conditions must satisfy the following continuious conditions along the interface
, , , 
, ij ij C C and (3) ij C can be obtained 
(1) ( 2) (2) 21 21 
(1) (2) (2) 41 41 
Substituting Eq. (9)- (20) and (6) into Eq. (3), the displacement component and the electric potential for the I, II and III regions are obtained. The higher order stress and electric displacement fields will be given based on Eq. (7) finally. Then we the stress intensity factor (SIF) and electric displacement intensity factor (EDIF) can be expressed as follow [5] (1) 
Conclusion
The higher order crack-tip fields for an arbitrarily oriented crack oblique to the interface between FGPMs and HPMs are presented. The displacement and electric potential fields of I and III regions have the same mathematical form; however, the undetermined coefficients are different. The effect of non-homogeneity and crack oriented reflects only in the higher order items. The results show that the intensity factors depend on the material properties and crack oriented. Obviously, they provide the theoretical basis for experimental investigation and engineering application.
